BACKGROUND: Halothane and desflurane have been shown to attenuate neuronal injury; however, the effects of these anesthetics on mitochondria are unclear. We investigated whether halothane and desflurane affect the function of mitochondria after cerebral ischemia in rats. METHODS: Forty male Wistar rats were randomly divided into four groups (n ϭ 10 each): sham group; 1.5 minimal alveolar concentration (MAC) halothane group; 1.0 MAC desflurane; and 1.5 MAC desflurane group. Forebrain ischemia was induced after 40-min inhalation of 1.5 MAC halothane, 1.0 MAC or 1.5 MAC desflurane by clamping the bilateral common carotid arteries and decreasing arterial blood pressure. After isolation of the brain mitochondria, mitochondrial membrane permeability was assayed spectrophotometrically with 40 -200 M Ca 2ϩ , and mitochondrial membrane potentials were measured by a fluorospectrophotometer with the addition of rhodamine 123. The activities of mitochondrial respiratory chain complexes were also assayed spectrophotometrically.
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RESULTS:
The results showed obvious mitochondrial swelling, loss of membrane potential with the addition of Ca 2ϩ , and inhibition of the activities of complexes I ϩ III and IV after forebrain ischemia reperfusion injury. Compared with the 1.5 MAC halothane group, 1.0 and 1.5 MAC desflurane reduced mitochondrial swelling by 23.9% (P Ͻ 0.001) and 23.2% (P Ͻ 0.001), whereas membrane potential dissipation was suppressed by 22.4% (P ϭ 0.013) and 20.4% (P ϭ 0.027). The activities of complexes I ϩ III and IV were better preserved in 1.0 MAC and 1.5 MAC desflurane groups than in the 1.5 MAC halothane group by 34.6% (P ϭ 0.027), 38 .7% (P ϭ 0.011), 53.9% (P ϭ 0.009), and 55.8% (P ϭ 0.007), respectively. CONCLUSIONS: Desflurane shows better preservation of mitochondrial function at 4 h after cerebral ischemia reperfusion injury, indicated by inhibition of mitochondrial swelling, increase of membrane potential, and improvement of functions of mitochondria respiratory complexes I ϩ III and IV when compared with halothane. Therei s increasing evidence that mitochondria plays an important role in mediating either necrotic or apoptotic neuronal cell death during ischemia reperfusion injury. 1 A number of mitochondrial changes, including disruption of mitochondrial membrane permeability and alterations of the mitochondrial membrane potential (MMP), have been observed that lead to release of intramitochondrial proteins, in which cytochrome c is the best characterized. When present in cytosol, cytochrome c can combine with Apaf 1 and caspase 9 to form the apoptosome, which activates other caspases that finally dismantle the cell. 2, 3 In addition, during ischemia reperfusion injury, mitochondria can produce reactive oxygen species, 4 which may cause nonspecific damage to lipids, proteins, DNA, and other important components of cells, including many respiratory enzymes, leading to a decline in the efficiency of oxidative phosphorylation, dysfunction of proton transfer, and electro leak from the respiratory chain, in turn, aggravating the production of free radicals and hence potentially causing cell death.
Volatile anesthetics, such as halothane, isoflurane, and desflurane, are commonly used in neuroanesthesia, and have demonstrated neuroprotective properties in some experimental models of cerebral ischemia. [5] [6] [7] Desflurane is a new inhaled anesthetic with rapid induction and fast recovery due to its low blood/gas solubility ratio. 8 Some studies have shown that desflurane improves neurological outcome after transient incompleted cerebral ischemia in rats 9 and increases tissue oxygenation during transient middle cerebral artery occlusion in humans. 10 However, its mechanism of action is still unclear, and few studies have reported the effects of desflurane on mitochondria following cerebral ischemia. The purpose of the present study was to determine whether desflurane could influence the functions of mitochondria at 4 h after cerebral ischemia reperfusion injury and to compare such potential effects with that afforded by halothane.
METHODS

Animals and Preparation
All experimental procedures were approved by the Animal Care and Use Committee at the Harbin Medical University and were performed in compliance with the University Institutes of Health guidelines on the ethical use of animals. All measures were taken to reduce animal suffering and numbers of animals used in this study. Male Wistar rats (250 -300 g) were fasted but allowed access to water overnight. All animals were anesthetized with 4% halothane and tracheally intubated. Their lungs were then mechanically ventilated with 1%-1.5% halothane in 30% O 2 . The right femoral artery and vein were cannulated for arterial blood pressure (BP) measurements, arterial sampling of blood gases and blood withdrawal. Bilateral common carotid arteries were isolated from the carotid sheathes via a ventral midline incision and gently dissected free of surrounding nerve fibers. Before the beginning of forebrain ischemia, baseline measurements of BP, heart rate, temperature, arterial blood gas values, and blood glucose concentration were performed. Tidal volume was adjusted to maintain blood gases in the normal range (pH 7.35-7.45, Paco 2 35-45 mm Hg, Pao 2 Ͼ90 mm Hg). Vecuronium was given as a continuous infusion (0.1 mg ⅐ kg Ϫ1 ⅐ min
Ϫ1
) to maintain neuromuscular blockade. Thermistor probes were inserted into the temporal muscle 11 and rectum to monitor the pericranial and rectal temperatures, respectively. The pericranial and rectal temperatures were maintained at 37.5°C Ϯ 0.2°C by a heating pad and a small warming lamp placed above the animal's head and body. An electroencephalogram was recorded continuously using subdermal needle-type electrodes placed over both hemispheres at the parietotemporal versus frontal cortex recording sites with a Bio-amplifier. All physiologic data were monitored and recorded using Chart 5 software through the PowerLab/16SP system (ADInstruments, Australia).
Forebrain Ischemia
At the end of the preparation, the animals were randomly assigned to one of the following groups: 1. (Fio 2 ϭ 0.3) and sham-treatment, i.e., no ischemia and clamping. To induce forebrain ischemia, the mean arterial BP (MAP) was decreased by withdrawing blood from the femoral vein into a heparinized syringe and held at 37.5°C. When MAP had decreased to 45 mm Hg, both common carotid arteries were clamped for 10 min by microaneurysm clips. 12 Forebrain ischemia was confirmed by the isoelectric electroencephalogram. During the ischemic period, MAP was maintained at 45 Ϯ 2 mm Hg by withdrawal of blood or reinfusion of the withdrawn blood through the venous catheter. At the end of the 10-min ischemic period, both microaneurysm clips were removed and MAP was normalized by reinfusion of the withdrawn blood. Reperfusion in each artery was verified visually. Blood gas analysis was performed 15 min after the end of the reperfusion period. Before discontinuation of anesthesia, the vascular catheters were removed, and the wounds were sutured. All wounds were infiltrated with 0.25% bupivacaine (total dose 0.5 mg). The endotracheal tube was removed when the rat showed a withdrawal response to endotracheal suction and adequate spontaneous breathing. The animals were then kept in a warm, humidified chamber for about 30 min and then transferred to the animal care facility.
Isolation of Brain Mitochondria
Rat brain mitochondria were isolated as described by Kristian et al. 13 with minor modifications. Rats were decapitated 4 h after reperfusion/sham operation, the brain was rapidly removed, and the cerebellum and underlying structures were removed, and the remaining brain tissue was used. Forebrain was minced and homogenized in 6 mL of isolation buffer containing 225 mM mannitol, 75 mM sucrose, 10 mM HEPES (N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid), and 1 mM K 2 EDTA (pH 7.4, at 4°C). The resulting homogenate was centrifuged at 1330g for 3 min. The supernatant was decanted, and the pellet was resuspended in half of the original volume and recentrifuged as above. The pooled supernatant was centrifuged at 17,000g for 10 min. The supernatant from this centrifugation step was decanted, and the pellet obtained was resuspended in 15% Percoll (Pharmacia, USA) and layered into centrifuge tubes containing a preformed two-step discontinuous density gradient consisting of 23% Percoll on top of 40% Percoll. The gradients were centrifuged at 37,000g for 20 min (HITACHI 55P-7, Japan). The mitochondrial fraction, located at the interface between the two bottom layers, was carefully removed and diluted 1:5 in isolation buffer and centrifuged at 17,000g for 10 min. The supernatant was decanted and the pellet resuspended in 3 mL isolation buffer. Aliquots were removed for protein determination and bovine serum albumin was added to the mitochondria (10 mg/mL, 0.5 mL/forebrain) to bind any free fatty acids, which can uncouple brain mitochondria.
14 After the final centrifugation at 6900g for 10 min, the resulting mitochondrial pellet was then resuspended in 1 mL isolation medium without EDTA. All homogenization and centrifugation steps were performed at 4°C. The content of mitochondria was determined as the concentration of proteins measured by the Bradford 15 method with bovine serum albumin as standard.
Electron Microscopy
The method of brain mitochondria preparations used in this experiment was assessed by electron microscopy. An aliquot of mitochondrial suspension in the sham group was removed and centrifuged at 10,000g for 5 min. The mitochondrial pellet was fixed with 4% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4, at 4°C), and postfixed with 1% osmium tetroxide. The samples were dehydrated through increasing concentrations of ethanol, and embedded in Epon 812. Ultrathin sections were cut at 80 nm with an LKB microtome (Bromma, Sweden), stained with uranyl acetate-lead citrate and viewed with a JEM1200 transmission electron microscope (JEOL, Japan).
Permeability Transition Pore Activity
Permeability transition pore (PTP) opening was assayed spectrophotometrically as previously described. 16, 17 The mitochondria were used immediately after isolation to measure their swelling. Brain mitochondria (0.5 mg protein/mL) were prepared in the assay buffer containing 125 mM sucrose, 50 mM KCl, 2 mM KH 2 PO 4 , and 10 mM HEPES. Swelling was initiated by the addition of 40 -200 M CaCl 2 to the reaction system. The swelling was evaluated by the spectrophotometric method at 540 nm (30°C) with spectrophotometers (UNICO 2100UV, China). Changes of absorbance in 5 min indicated mitochondrial swelling because of PTP opening. Cyclosporin A at 5 M was used to test whether permeability pore opening was occurring.
Determination of Mitochondrial Membrane Potential
MMP was evaluated as per Emaus et al. 18 from the uptake of the fluorescent cationic dye rhodamine 123 (Rh123), which accumulates electrophoretically into energized mitochondria in response to their negative inside membrane potential. The isolated mitochondria (0.5 mg protein/mL) were incubated in the assay buffer containing 225 mM mannitol, 70 mM sucrose, and 5 mM HEPES (pH 7.2). The discharge of Rh123 was induced by 40 M CaCl 2 . MMP was assessed by a fluorospectrophotometer (Shimadzu RF-510, Japan) with excitation at 503 nm and emission at 525 nm after addition of 0.3 M Rh123 in 5 min at 25°C.
Activity of Mitochondrial Respiratory Enzymes
The measurement of the specific activity of the complexes of the respiratory chain was performed spectrophotometrically, as described by Chuang et al. 19 and Brusque et al. 20 A total of 100, 200, and 50 g of mitochondrial protein was used to determine the
Nicotinamide Adenine Dinucleotide Cytochrome c Reductase (Complexes I ؉ III)
The activity was determined by the reduction of oxidized cytochrome c measured at 550 nm and was calculated as the difference in the presence or absence of rotenone. The activity was assayed in 50 mM K 2 HPO 4 buffer (pH 7
Succinate Cytochrome c Reductase (Complexes II ؉ III)
The activity was performed in 40 mM K 2 HPO 4 buffer (pH 7.4) containing 20 mM succinate, 1.5 mM KCN, and 200 g of protein of mitochondrial suspension. After 5 min of incubation at 37°C, the reaction was initiated by adding 50 M cytochrome c, and absorbance at 550 nm was measured over the first 3 min at 37°C.
Cytochrome c Oxidase (Complex IV)
The activity was estimated by recording the oxidation of reduced cytochrome c at 550 nm. Complex IV activity was measured by following the decrease in absorbance due to the oxidation of the previously reduced cytochrome c at 550 nm (⑀ ϭ 19.1 mM Ϫ1 ⅐ cm
Ϫ1
). The reaction buffer contained 10 mM K 2 HPO 4 buffer (pH 7.4), 0.6 mM n-dodecyl-␤-d-maltoside, and 50 g mitochondrial protein. The initial rate of cytochrome c reduction was used for the calculation of the activity. Enzymatic activities of mitochondrial respiratory chain complexes were expressed as nanomoles per minute per milligram of protein. All reagents used in enzyme assays were purchased from Sigma.
Statistical Analysis
Parametric data, i.e., physiologic variables, activity of respiratory enzymes were shown as mean Ϯ sd. For these data, comparisons were performed using oneway analysis of variance with Tukey correction for post hoc comparisons among multiple experimental groups. P Ͻ 0.05 was considered to be statistically significant. Table 1 summarizes the physiologic variables in each animal group. MAP was held at 45 Ϯ 2 mm Hg during ischemia. There were no significant differences in other physiologic variables throughout the experiment in all groups.
RESULTS
Physiologic Variables During Ischemia-Reperfusion
Electron Microscopy
The ultrastructure of mitochondria isolated by the above method is shown in Figure 1 . The electron micrographs indicated that mitochondria had very well preserved morphological integrity. The mitochondria were elongated (Fig. 1A) or round (Fig. 1B) and had numerous transverse cristae, which exhibited parallel alignment. The outer and inner mitochondrial membranes were clearly distinguishable. The matrixes were uniformly electron dense with no apparent damage to the inner structure.
Changes of Absorbance in Mitochondria Induced by Ca
2؉
As shown in Figure 2 , the exposition of isolated mitochondria to Ca 2ϩ (40 -200 M) induced a dosedependent increase in mitochondrial swelling, as detected by a decrease of absorbance ( Figs. 2A-C) . This process was classically inhibited by 5 min preincubation with 5 M cyclosporine A (a pharmacological inhibitor of PTP) (Fig. 2B) , which confirmed that Ca 2ϩ -induced mitochondrial swelling was due to opening of the PTP. In all three concentrations, Ca 2ϩ -induced mitochondrial swelling was reduced in the 1.0 MAC and 1.5 MAC desflurane groups compared with 1.5 MAC halothane group. The effect was significant and persisted for at least 10 min after the addition of Ca 2ϩ . Figure 2D shows the average change of absorbance ([Delta]A) of 100 M Ca 2ϩ in all groups. The changes of [Delta]A in the 1.5 MAC halothane group, 1.0 MAC and 1.5 MAC desflurane groups were higher by 55.5% (P Ͻ 0.001), 18.4% (P ϭ 0.045), and 19.5% (P ϭ 0.031) compared with the sham group, respectively. In the 1.0 MAC and 1.5 MAC desflurane groups, these changes were reduced by 23.9% (P Ͻ 0.001) and 23.2% (P Ͻ 0.001) compared with the 1.5 MAC halothane group, respectively. No significant differences were found between the 1.0 MAC and 1.5 MAC desflurane groups. 
Effect of Desflurane on MMP
Effect of Desflurane on Mitochondrial Complexes
As shown in Figure 4 , the activities of mitochondrial complexes I ϩ III, II ϩ III, and IV changed differently in the separate groups. The activities of complexes I ϩ III and IV in the 1.5 MAC halothane group were significantly inhibited (33.7%, P ϭ 0.001; 47.4%, P Ͻ 0.001) compared with the sham group. MAC 1.0 and 1.5 MAC desflurane inhalation enhanced the activities of complexes I ϩ III (34.6%, P ϭ 0.027; 38.7%, P ϭ 0.011) and IV (53.9%, P ϭ 0.009; 55.8%, P ϭ 0.007) compared with the 1.5 MAC halothane group. But there was no significant change in the activity of complexes II ϩ III in all groups. No significant differences were observed in different concentrations of desflurane on complexes I ϩ III, II ϩ III, and IV activities. 
Values are expressed as mean Ϯ SD. MAP ϭ mean arterial blood pressure; HR ϭ heart rate; PaO 2 ϭ arterial oxygen tension; PaCO 2 ϭ arterial carbon dioxide tension.
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DISCUSSION
The major finding of the current study is that desflurane seems to induce tolerance and improve the function of mitochondria in forebrain ischemia reperfusion rats when compared with halothane. We show here that mitochondrial dysfunction is ameliorated by desflurane treatment, indicated by the inhibition of mitochondria swelling, stabilization of membrane potential, and improvement of mitochondria respiratory function. The brain is very susceptible to ischemia and hypoxia, and reperfusion after ischemia may not improve the function of cells but may actually aggravate the damage. Cerebral ischemic tolerance can be improved by ischemia preconditioning and also by drugs. Among the latter, volatile anesthetics have been considered potentially beneficial. Several studies suggested that volatile anesthetics could influence the apoptosis-regulating proteins, improve neuronal function, and reduce infarct area. 5, 21 Because desflurane allows rapid emergence from anesthesia, its value in neurosurgical procedures is obvious. Previous reports have shown that isoflurane and desflurane produced anesthetic preconditioning, which protected the myocardium against infarction after ischemia reperfusion in animals. 22, 23 Tsai et al. 24 reported that desflurane caused a reduction of infarct volume and lactate dehydrogenase activity in plasma, which are indices of neural cell damage after cerebral ischemia and reperfusion injury. However, the precise mechanisms responsible for desflurane-induced protection remain unclear, and few studies have investigated the effects of desflurane on function of mitochondria after brain ischemia.
Apoptosis has been implicated in ischemic cell death. 25, 26 Although the exact mechanisms and pathways of apoptosis remain poorly defined, the role of mitochondria in vitro and in vivo has been extensively described. 27 The PTP, which is formed at contact sites between the inner and outer mitochondrial membranes, was identified as a major factor in the mitochondrial pathways leading to cell death. 28, 29 We found that desflurane attenuates Ca 2ϩ -induced mitochondrial swelling, which is indicative of inhibition of the opening of PTP. This is in close agreement with other investigators who used a rabbit myocardial ischemia model. 30 During reperfusion, mitochondria become re-energized, and there is uptake of cytosolic Ca 2ϩ into mitochondria, gradual recovery of pH to normal, and excessive free-radical generation, which favor the opening of PTP. 31, 32 This would cause matrix swelling, collapse of the inner membrane potential, uncoupling of the respiratory chain, efflux of Ca 2ϩ , release of small proteins, 1, [33] [34] [35] and initiation of the process of DNA fragmentation and apoptosis. 36, 37 Therefore, it is possible that the protective effects of desflurane on ischemic reperfusion injury are directly or indirectly via modulating mitochondria PTP. MMP, which is generated by the mitochondrial electron transport chain, is an important variable for mitochondrial functionality and an indirect indicator of energy status of the cell. Maintenance of the MMP is necessary for the mitochondria to perform their functions, while dissipation of MMP seems to be a consequence of severe energy deficit, leading to necrosis and apoptosis. 38 This study showed 1.0 MAC and 1.5 MAC desflurane significantly prevented the collapse of MMP induced by ischemia and reperfusion when compared with 1.5 MAC halothane, which confirmed the hypothesis that desflurane inhibited the opening of mitochondrial PTP.
The activities of the mitochondrial respiratory chain enzymes complexes measured in our research suggest that ischemia reperfusion injury damages the function of mitochondrial enzymes complexes. This is in agreement with previous studies. 39, 40 Recent investigations have shown that oxidative stress is implicated in the pathophysiologic changes that ensue after dysfunction of the respiratory chain in cerebral ischemia. 41 The generation of oxidant species is an important event during cerebral ischemia, which provokes damage to lipids, DNA, and proteins, leading to neuronal death. 42, 43 The bursting of O 2 . and H 2 O 2 produced by the flavin mononucleotide group of complex I and the ubiquinone-cytochrome b-c1 region of complex III during the reperfusion period can damage the mitochondria respiratory chain, which influences the generation of adenosine triphosphate by oxidative phosphorylation and produces more free radicals. 44, 45 We also demonstrated in the current study that 1.0 MAC and 1.5 MAC desflurane could improve the function of mitochondria respiratory chain enzyme complexes, which may result in a decrease of oxidant species production and protection of oxidative phosphorylation during reperfusion after ischemia, thereby ameliorating ischemia reperfusion injury.
We found that the 1.0 MAC and 1.5 MAC desflurane groups induced more protection than the 1.5 MAC halothane group in the function of mitochondria; however, there were no significant differences between the 1.0 MAC and 1.5 MAC desflurane groups. This is interesting because although the 1.5 MAC desflurane had a greater depth of anesthesia than the 1.0 MAC desflurane, greater protection of mitochondria was not observed. However, this is similar to the finding of Wise-Faberowski et al. in their ex vivo work. 46 Thus, the greater neuroprotection of desflurane could not be attributed to the difference of the administered anesthetic concentrations. It is possible that there is a ceiling effect in desflurane's brain protection effect. Further studies in animals to confirm the possible differential effects on function of mitochondria and neuronal survival among different doses of desflurane are needed.
The limitation of this study must be clarified. Although we demonstrated that desflurane reduced Ca 2ϩ -induced swelling in isolated mitochondria, whether this effect was direct or indirect was not confirmed. Further study of the pathway of this effect is needed.
In conclusion, we found that desflurane shows better preservation on the functions of mitochondria observed at 4 h after cerebral ischemia reperfusion injury, indicated by the inhibition of mitochondrial swelling, maintenance of membrane potential, and improvement in the function of mitochondria respiratory complexes I ϩ III and IV when compared with halothane. However, no additional protection was observed at the higher dose of desflurane. 
